A new heavy ion accelerator facility for radio-
Introduction
A general description of the heavy ion medical accelerator now under design at LBL is given in reference 1 . Ions ranging from helium to argon are accelerated to final energies from 100 to 800 MeV/n with intensities and beam characteristics suitable for radiotherapeutic treatment of large, and often deep-seated tumors. The overall design objectives are most economically met with an alternating gradient synchrotron. Because treatment times are short, typically 1 or 2 minutes, and patient set-up times are 20 to 30 minutes, the synchrotron can be efficiently switched between as many as 8 treatment rooms.
The unique challenge in the design of this accelerator is to provide flexibility in the choice of ion species and energies on a patient-to-patient basis, while at the same time providing an unusually high degree of reliability and operational simplicity. Minimizing staffing and other operational costs is also extremely important if heavy ion radiotherapy is to be made available at a hospital or major medical compl ex.
The design approach is first to provide multiple, independent ion sources each similar to the "dual-heade4" sources at the A3EL injector at the SuperHILAC.
This redundancy is a highly cost effective means of providing the needed flexibility and reliability. Second, a high performance control system, described more fully in reference 3, addresses the issues of reliability and operational simplicity. It 
Si+4
Source electrical current 1000 e micro amp Source particle current 250 p micro amp Proven source performance 500 p micro amp
Injector
The injector system must possess a high reliability and ease of operation suitable for siting in a hospital environment. A conservative design for the system has been adopted that also attempts to minimize the overall size.
The injector is comprised of a small number of ion sources, providing ions up through argon at q/A t.14, each on a 60 kV stand, followed by a ?00 The maximum beta functions, both radial and vertical, are less than 17 meters, and the maximum value of the off-momentum function is 5.4 meters. Assuming a normalized emittance of .15 pi cm-mrad, a momentum spread of i 0.4% after r.f. turn-on, and orbit allowances of * 0.7 cm radially and * 0.5 cm vertically, the quadrupoles must have a 5.0 cm aperture radius. The magnet horizontal aperture requirement of * 4.5 cm is established by the extraction conditions; the * 1.9 cm vertical magnet aperture is determined by the injection conditions. The good field of the magnet must extend to i 3.8 cm.
Two families of three sextupoles are included to vary both the radial and vertical chromaticity of the machine. These sextupoles are located symmetrically at F-and D-quads, where there is substantial momentum dispersion. All of these elements are located in the 0.75 m short straight sections. Two families of six closed orbit correction modules are included, with an extra module located near the magnetic extraction septum. Each module consists of a beam induction electrode that senses both the x and y centroids of the circulating beam, and x and y deflecting dipoles with strengths of 60 gauss-meters.
Injection
In keeping with the philosophy to design for operational simplicity, a single-turn injection scheme has been adopted. This system consists of a magnetic septum 1.6 meters long fol l owed by a ferrite-loaded fast kicker magnet .1 meters long, all contained within one straight section.
Extraction
As long spills up to 300 ms are required, resonant extraction is used. The extraction system consists of a .5 meter long electrostatic septum, followed by a 2 meter long magnetic septum approximately 90 degrees in phase advance downstream. Two sextupol es are included to produce the non-linearity and a fast quadrupole is included for finely adjusting the tune during extraction.
Dipole Magnet Power Supplies
The two operational modes at 2 and 4 Hz have duty factors and flat tops of 60 and 20%, and 300 and 50 ms respectively. In both cases the rise and fall times are 100 ms. This requires that the ring magnets go quickly to very low current and be ramped back on in a controlled fashion, all in 200 ms. It is desireable to transfer the large stored energy out of the bending magnets and return it to the magnets within 200 ms. It is proposed to accomplish this using a resonant capacitor energy storage system with a latched flat top auxiliary supply (see Figure 1 ). 
RF System
The synchrotron RF system must cover a frequency range of approximately 1 to 7 MHz (assuming second harmonic). This can be done with a ferrite-tuned cavity, using 4 cells, connected with the RF in series aiding, the bias turns in series, and the RF on the bi as windings arranged to cancel. The disks of ferrite in this cavity are very close together which gives a high stacking factor, and reduces the total amount of ferrite required. The RF power is provided by a pair of medium power tetrodes operating in push-pull, and connected to the external bias bussbar. It is possible to design the RF system with only a single tube in the output stage, but it is somewhat easier to design a broadband system if two smaller tubes are used. The power amplifier is operated as a linear amplifier in class B mode. Frequency and amplitude modulation are applied at a low level stage.
The RF driver is a commercial broad band solid state unit of a few KW output. These amplifiers are available from several manufacturers and are generally sold as communications amplifiers.
Vacuum System
The Medical Accelerator has a main ring vacuum requirement of 10-7 Torr. The whole vacuum system can be thought of as twelve nearly identical modules in a ring. The modul es consist of vacuum chambers for one-half a quadrupole (100 mm x 0.5 m), a dipole (100 mm x 41 mm x 3.2 m), a quadrupole (100 mm x 1 m) and one-half a straight section (100 mm x 2.5 m). The dominant gas load is a function of surface area only. Water will be the dominant gas species of an unbaked vacuum system for the first few days after pumpdown. installed in the radiotherapy area at the 9evalac in order to evaluate this concept in a clinical setting.
Radiation Shielding
Preliminary specifications have been developed for the radiation shielding required to provide a safe environment for the staff of the facility and the general public. A specific arrangement for the treatment rooms and shielding will depend on siting of the facility. It is assumed that a hospital setting in an urban area will be the preferred choice.
In this case, it is recommended that the treatment rooms be located one level below grade to minimize shielding cost. Poured-in-place concrete is specified wherever feasible. The walls vary in thickness from 1.5 to 3 meters. A high density aggregate (3.6 g/cm3) is used to minimize the floor plan area. A lower cost, normal density (2.4 g/cm3) concrete is used for roof shielding. Access ports and cranes are provided for installation of heavy components inside the shielded enclosures.
Concl usi on
The goal of this effort is to complete a fully optimized design for a medical accelerator suitable for heavy ion radiotherapy and other biomedical applications. The general requirements and machine specifications are now well-defined.
Engineering design of major components is proceeding and detailed cost estimates and construction schedules are being prepared. It is anticipated that the design effort will be completed by mid 1984.
